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The mesoscopic dynamical properties of oil-in-water microemulsions (MEs) bridged with telechelic
polymers of different number of arms and with different lengths of hydrophobic stickers were stud-
ied with neutron spin-echo (NSE) probing the dynamics in the size range of individual ME droplets.
These results then were compared to those of dynamicic light scattering (DLS) which allow to in-
vestigate the dynamics on a much larger length scale. Studies were performed as a function of the
polymer concentration, number of polymer arms, and length of the hydrophobic end-group. In gen-
eral it is observed that the polymer bridging has a rather small influence on the local dynamics,
despite the fact that the polymer addition leads to an increase of viscosity by several orders of mag-
nitude. In contrast to results from rheology and DLS, where the dynamics on much larger length
and time scales are observed, NSE shows that the linear polymer is more efficient in arresting the
motion of individual ME droplets. This finding can be explained by a simple simulation, merely by
the fact that the interconnection of droplets becomes more efficient with a decreasing number of
arms. This means that the dynamics observed on the short and on the longer length scale depend
in an opposite way on the number of arms and hydrophobic stickers. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4861894]
I. INTRODUCTION
Microemulsions (MEs) are isotropic, thermodynamically
stable mixtures of oil and water stabilized with surfactant
and potentially a cosurfactant. Depending on their compo-
sition, different structures are found: Oil-in-water (O/W)
droplets, water-in-oil (W/O) droplets, or bicontinuous sponge
phases.1–5 The ability to disperse hydrophobic substances
in an aqueous solution in a thermodynamically stable fash-
ion gives them a wide range of applications but the gener-
ally low viscosity of (W/O) MEs limits their application to
a certain extent. To increase and control the viscosity, the
addition of a thickening agent is needed. Quite commonly
conventional polymeric thickeners are used for that purpose,
which increase in general the viscosity of the solvent.6 Al-
ternatively, it is possible to control the rheological properties
by cross linking the ME droplets with bridging amphiphilic
polymers.7–14 If droplet concentration and polymer length are
chosen appropriately, the viscosity can be increased dramati-
cally by the addition of relatively small amounts of these poly-
mers, i.e., increases by 3–4 orders of magnitude can easily
be achieved.7, 9 The majority of these investigations was con-
cerned with studying O/W microemulsions but in the case of
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hydrophobic polymers with a hydrophilic end-cap, bridging
aqueous droplets in W/O MEs has also been investigated.15
A potential problem with all these approaches is that the
polymer may decrease the ME’s stability or may otherwise
change its properties in an unfavorable fashion, as, for in-
stance, seen for the case of adding polymers to W/O mi-
croemulsion droplets.15 In particular, it should be noted that
basically all of these studies have been limited to the case of
bifunctional, linear polymers.
In a recent study,16 the ability of hydrophobically end-
capped poly(N,N-dimethylacrylamide) (PDMA) polymers
with different numbers of arms to bridge a tetradecyl dimethyl
amine oxide (TDMAO)/decane ME was investigated using
small angle neutron scattering (SANS), rheology, and dy-
namic light scattering (DLS). These polymers can be ef-
ficiently synthesized by reversible addition-fragmentation
chain transfer (RAFT) polymerization.17 It was found that
they are able to form networks with the ME droplets and
that the viscosity strongly increases with the length of the hy-
drophobic end-cap, leading to viscosity increases of up to six
orders of magnitude. An important finding here was that the
structure of the droplets was retained even for the addition of
rather large amounts of hydrophobically modified polymer.
The main finding was that the polymer introduced an increas-
ing repulsive interaction between the microemulsion droplets
with increasing polymer concentration.16
In contrast to this rather simple structural behavior, the
dynamics of these polymer/microemulsion mixtures is rather
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complex. The autocorrelation functions measured with DLS
showed a complex pattern with 3 modes. The fastest mode
was the translational diffusion of the ME droplets, while 2
additional slow modes relate to the lifetime of the junctions
between droplets and polymers and the relaxation of clusters
formed by bridging many ME droplets. It was also found that
polymers with a larger number of arms are more efficient in
bridging the droplets, as indicated by a stronger increase in
viscosity and pronouncedly larger amplitudes for the cluster
relaxation modes observed in DLS.
However, DLS can only monitor the dynamic response
on rather large length scales on the size of super structures
in the mixture, but not on the natural length scale of the mi-
croemulsion. However, this is important information for un-
derstanding the dynamics on a mesoscopic level, as it might,
for instance, be relevant for understanding the properties of
such polymer modified microemulsions with respect to the
release and transport of solubilized molecules. The method
of choice for obtaining such mesoscopic information is neu-
tron spin-echo (NSE) that observes dynamics on a more lo-
cal scale, i.e., in the range of 2–40 nm. Accordingly in this
work, we employed NSE to gain a much better understanding
of the impact of the bridging on the dynamics of the indi-
vidual droplets, for which we chose the TDMAO/decane mi-
croemulsion, which was shown before to form well-defined
and rather monodisperse microemulsion droplets.18 In that
context we focussed on the effect of the number of bridging
arms, the length of the hydrophobic sticker, and the number of
hydrophobic stickers per microemulsion droplet. Understand-
ing the dynamics as a function of the molecular architecture
then would allow to gain further fundamental insight into the
dynamics of such systems and to optimize formulations for a
certain dynamic response of the bridging polymer and thereby
tailor the properties of the mixed microemulsion/polymer
systems.
II. THEORETICAL BACKGROUND
On the time scale of the NSE experiment membrane fluc-
tuations of MEs can be observed, in particular around the min-
imum of the form factor,19–23 and NSE has not only been used
to study O/W but also W/O and bicontinuous MEs.24–28 These
fluctuations are governed by the bending elasticity of the sys-
tem. The bending energy can be expressed as a Helfrich bend-
ing Hamiltonian29
E =
∫
{(c1 + c2 − 2c0)2κ/2 + κ¯c1c2}dA + 1NkBT(φ),
(1)
where κ is the mean bending modulus, κ¯ the Gaussian modu-
lus, c0 the spontaneous curvature, c1 and c2 are the principal
curvatures, and A the total surface of the system. The second
term accounts for the entropy and consists of the particle num-
ber density 1N, Boltzmann’s constant kb, temperature T, and
(φ) which was approximated by
(φ) = 1
φ
(φ ln(φ) + (1 − φ) ln(1 − φ)) , (2)
with the volume fraction φ.
Starting from a sphere and expanding in terms of spheri-
cal harmonics to second order leads to a form factor for fluc-
tuating spheres given by21, 30, 31
P (q,R) = Pstat (q,R) + Pstat,corr (q,R) + Pdyn(q,R)
Pstat (q,R) =
(
4πR2
q
j1(qR)
)2
,
Pstat,corr (q,R) = (4π )
2R2j1(qR)
q
(2Rj0(qR) − qR2j1(qR))
×
∑
l≥2
2l + 1
4π
〈
a2l
〉
,
Pdyn(q,R, t) = (4π )2R4
∑
l≥2
2l + 1
4π
j 2l (qR)〈al(0)al(t)〉,
(3)
where R is the radius of the sphere, q = 4π /λsin (θ /2) is the
magnitude of the scattering vector with scattering angle θ and
wavelength λ. The jl are the lth order spherical Bessel func-
tions. The second line is the form factor of a simple sphere
and the third and fourth line are static and dynamic correc-
tions accounting for size and shape fluctuations. The l = 0
terms correspond to size fluctuations which are too slow to
be seen in a NSE experiment. The l = 1 terms correspond to
diffusion which is taken into account separately. Therefore,
the first (and for purposes of fitting in this paper last) terms
in the sums are the l = 2 terms. The correlator 〈al(0)al(t)〉 in
the last line reduces to 〈a2l 〉 in a static experiment. In a dy-
namic experiment it reads 〈a2l 〉 exp(−lt). The amplitudes of
the fluctuations 〈a2l 〉 are given by〈
a2l
〉 = R2
× kBT
κ(l+2)(l−1) (l(l+1)−6+4w− 3κ¯
κ
− 3kBT4πκ (φ)
) ,
(4)
where w = c0R. For the maximum droplet size, which is
reached at emulsification failure, w can be replaced by
wmax = 1 + κ¯/(2κ) + kBT /(8πκ)(φ).
The overall static scattering intensity that also accounts
for fluctuations of the particle shape reads
I (q) = 1N × 	SLD2
∫ ∞
0
fq(q)
∫ ∞
0
fR(R)P (q,R)dRdq,
(5)
with scattering length density 	SLD, size distribution fR(R),
scattering vector distribution fq(q), and particle number den-
sity 1N, which is related to the volume fraction by
1N = φ∫∞
0 fR(R)(4π/3)R3dR
. (6)
For an equilibrium system, the polydispersity p is related to
the bending moduli by
p2 = σ
2
R2
= kBT
8π (2κ + κ¯) + 2kBT(φ) , (7)
where σ is the standard deviation.
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For both fR(R) and fq(q) a Gaussian distribution was cho-
sen. The width of the former is given by Eq. (7). For all but
the lowest q-valuesthe q vector distribution on the IN15 NSE
instrument is dominated by the wavelength distribution 	λ/λ
= 0.15 FWHM.
The time scale of 〈a0(0)a0(t)〉, which would require ex-
change of individual surfactant molecules, is too slow to be
seen in aNSE experiment and the dominant dynamic contri-
bution aside from diffusion, and comes from the l = 2 term in
Pdyn (Eq. (3)). Its relaxation rate is given by
2 = κ
ηR3
4w − 3 κ¯
κ
− 3kBT4πκ (φ)
Z(2) , (8)
where η is the viscosity of the solvent and
Z(l) = (2l + 1)(2l
2 + 2l − 1)
l(l + 1)(l + 2)(l − 1) . (9)
To correct for finite concentration effects, the trans-
lational diffusion coefficient is corrected by the hard
sphere structure factor in the Percus-Yevick approximation
SHS(q, R, φ),32, 33
D(q) = kBT
6πηR SHS(q,R, φ)
, (10)
so that the (unnormalized) intermediate scattering function for
the ME reads
s(q, t)ME =
∫
fq(q)
∫
fR(R)(Pstat (q,R)
+Pstat,corr (q,R)+Pdyn(q,R, t)) exp(−D(q)q2t)
× SHS(q,R, φ)dRdq (11)
and the structure factor is taken into account in the local
monodisperse approach,34 which has been successfully used
in the description of scattering data from MEs before.35, 36 It
might be noted that in Eq. (10) the hydrodynamic factor H(q)
has been omitted, which, however, for such a rather dilute sys-
tem can be neglected, as it has been observed before that for
similar microemulsions S(0) is a much larger correction than
H(0)37 and H(q) for not too dense colloids has been found to
be close to 1.38 If the ME droplets are bridged by the polymers
large clusters are formed from bridged droplets. Their trans-
lational diffusion will be hindered and Eq. (11) would change
to
s(q, t)C =
∫
fq(q)
∫
fR(R)(Pstat (q,R)
+Pstat,corr (q,R)+Pdyn(q,R, t)) exp(−Dc(q)q2t)
× SHS(q,R, φ)dRdq, (12)
where Dc is the diffusion constant of the clusters, which is
too slow (according to DLS16 on the order of 0.01 Å2/ns and
below) to be detected on the NSE time scale, therefore Dc
≈ 0. However, over short distances (and times) the droplets
in the cluster do not necessarily notice the constraints in their
freedom of movement, which is taken into account by a factor
xc, and only over longer times they move together with the
whole cluster. Also a certain fraction of the droplets may be
free and not involved in any cluster at all, which is taken into
account by xfree. The whole intermediate scattering function
then reads
s(q, t) = xf rees(q, t)ME + (1 − xf ree)
× [s(q, t)c(1 − xc) + xcs(q, t)ME]. (13)
Assuming the dynamics of the droplets remains unchanged
otherwise, there is no way to differentiate between the frac-
tion of droplets not involved in the clusters xfree and the am-
plitude of droplet movement in the clusters xc, so that both
are summarized in the “dynamic fraction” xdyn = xfree + xc(1
− xfree) and the resulting intermediate scattering function
reads
s(q, t) = xdyns(q, t)ME + (1 − xdyn)s(q, t)C. (14)
Aside from the contribution due to membrane fluctuations
which are still present in the droplets in the clusters, this cor-
responds to the intermediate scattering function of the ME
with an added constant background (1 − xdyn) and dividing
s(q, t) by s(q, 0) yields the normalized intermediate scattering
function S(q, t).
III. MATERIALS AND METHODS
A. Materials
Tetradecyl dimethyl amine oxide (TDMAO,
C14H29N(CH3)2O) was a gift from Huntsman (Empigen
OH 25, 24%–26%). The solutions were freeze-dried and at
the end still contained 2.5 wt. % of water, as determined
by Karl Fischer titration. The water content was accounted
for in the preparation of TDMAO solutions. N-decane was
obtained from Sigma Aldrich and used as received. D2O
(99.9% isotopic purity, Euriso-top, France) was used as a
solvent for all samples. The samples were prepared by taking
a solution containing 200 mM of TDMAO. The appropriate
amounts of oil and D2O were added to obtain the final
composition of the ME with 100 mM TDMAO/35 mM
decane/D2O. The polymers were synthesized using reversible
addition-fragmentation chain transfer polymerization. Details
concerning synthesis and characterization of the polymers are
given elsewhere.17 The polymers are based on hydrophilic
poly(N,N-dimethylacrylamide) blocks and have 2, 3, or 4
arms, with an aliphatic end chain of 12 or 18 carbon units,
respectively. See Table S I of the supplementary material39
for details.
The polymer containing MEs were prepared by mix-
ing the appropriate amounts of MEs with varying amounts
of polymer and mixing with a vortex mixer while heating
(∼60 ◦C) to ensure complete homogenization. The number of
stickers per droplet, r, is defined as the ratio between the num-
ber density of stickers, and the number density of droplets,
making the assumption that all end stickers are located within
the ME droplets. All polymer containing MEs had an excess
of polymer to yield r values of 2 or 4 and yielded highly vis-
cous gels. Details concerning the structure and rheology of
the samples can be found elsewhere.16 See Table S II of the
supplementary material39 for the exact compositions.
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B. Methods
1. Neutron spin-echo
The NSE experiments were performed on the instru-
ment IN15 of the ILL, Grenoble (France) with wavelengths
of (longest Fourier times in parentheses) 22.8 (598 ns), 16
(207 ns), and 10.5 Å (52.6 ns) to cover a q-range from 0.018 to
0.16 1/Å. Details of the experiment and the method are ex-
plained elsewhere.40, 41
IV. RESULTS AND DISCUSSION
A. Results
As a starting point for the data analysis the initial slope
of the intermediate scattering functions of the ME has been
fitted with a single exponential to obtain an apparent diffusion
coefficient Deff:
Deff = dS(q, t)dt
1
q2
, (15)
or for any practical purposes Deff = 	S(q, t)/	t × 1/q2 with
a finite 	t. It is observed that Deff (see Fig. 1) shows a max-
imum at 0.13 1/Å. This corresponds to qR = tan (qR) thus
comes form the shape fluctuations of the droplets.22 The in-
crease at low q is due to the structure factor and the behavior
can be well described by theory if we assume, that the hy-
drodynamic radius, determining translational diffusion is in-
creased by a solvent shell. The solid line in Fig. 1 was calcu-
lated for the parameters that fitted best the whole NSE curves,
which explains why they do not fit so perfectly to this set
of data derived from the initial slope. The obtained radius of
32.2 Å is in very good agreement with former investigation of
the same system18, 37 and the somewhat lower values reported
in Ref. 16 can be attributed to the fact that in the latter work
the experimental smearing was not accounted for explicitly
which leads to an incorporation of these effects into the poly-
dispersity, which in turn leads to a lowering of the apparent
average radius. Finally the shell of 5.8 Å can be explained
FIG. 1. Apparent diffusion coefficient Deff of TDMAO ME. The line is the
effective diffusion coefficient resulting from Eqs. (11) and (15), with 	t
= 3 ns, R = 32.2 Å, solvent shell 5.8 Å, κ = 1.5 kBT, κ¯ = −2.4 kBT.
FIG. 2. Apparent diffusion coefficient of the samples indicated in the graph.
The effect of polymer addition is mainly seen around 0.04 1/Å where Deff is
lowered due to the presence of the polymer.
by a hydration shell of strongly bound water at the surface of
the microemulsion droplets. A part of the remaining discrep-
ancy can be attributed to the hydrodynamic factor H(q), which
has been omitted in the calculation of the theoretical curve in
Fig. 1 as it should not have a great influence at the given con-
centration but would still decrease Deff.
Adding the polymer to the ME it is seen that the high
q part (q > 0.1 1/Å) remains more or less unchanged upon
addition of the polymer (see Fig. 2 and Fig. S1 of the sup-
plementary material39). This means that the polymer does not
affect the membrane rigidity of the microemulsion droplet.
This is to be expected as the ratio of hydrophobic stickers per
surfactant molecule is very low—even for r = 4 just being
about 2.5%, so the amphiphilic interface remains effectively
the same. At the three highest q values the scattered inten-
sity from the polymer itself starts to contribute which might
explain the small difference.
At lower q (q < 0.1 1/Å) Deff is significantly reduced by
the addition of the polymer and the appearance of a second,
significantly slower mode can be observed in the intermediate
scattering function (see Fig. 3 and Fig. S2 of the supplemen-
tary material39). This is in qualitative agreement with previous
findings from DLS.16 The slow mode is too slow for the NSE
timescale and therefore it was taken into account as a con-
stant term as described in Eq. (14). It might be noted that in
all our analyses we employed a constant solvent viscosity of
1.132 mPas thereby neglecting potential changes of it due to
the presence of the water-soluble PDMA chains. This is not an
easy to prove assumption but can be considered to be reason-
able as for similar concentrations of PDMA one finds differ-
ent values of D(q) (Fig. S1 of the supplementary material39).
For a quantitative description, data from the pure ME
were fitted with Eq. (11) using the same parameters for all
q-values (see Fig. S3 of the supplementary material39). As it
has been seen before that the ME droplets themselves remain
unchanged upon addition of the polymer,16 the same parame-
ters (R, κ , κ¯) are used for all samples with added polymer and
the only free parameter is xdyn (see Eq. (14)) and a good quan-
titative description is obtained for all samples (see Fig. S4 of
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FIG. 3. S(q, t) at q = 0.044 1/Å for pure ME (black) and ME with added
polymer (C18PDMA)2, r = 4 (red squares) and r = 2 (green diamonds), the
relaxation is slowed down due to the polymer and the intermediate scattering
function deviates from a simple exponential. Fits are according to Eq. (14)
(added polymer) or Eq. (11) (pure ME).
the supplementary material39 for an example) and trends for
the change of xdyn with polymer concentration, sticker length
and the number of arms of the polymer can be deduced. The
obtained data are displayed in Fig. 4 and one finds a value
of ∼1 for the largest q-values that decreases substantially for
lower q. This can be explained such that when looking at short
diffusion distances (large q) almost all droplets are freely dif-
fusing. Only when the diffusion over longer distances (small
q) is considered the restrictions by being in a cluster become
felt by the microemulsion droplets thereby lowering the ap-
parent value for xdyn (see also Fig. S2 of the supplementary
material39 for this distance dependence).
Volino and Dianoux42 derived an expression for the in-
termediate scattering function of particles diffusing inside a
sphere of a given diameter, which involves a q-dependent
elastic contribution (which translates to a constant in the in-
termediate scattering function). Even though this is a rather
crude approximation for the problem at hand, the high q part
of Fig. 4 can be described quite nicely for all samples, as-
suming the sphere has a diameter of 6.4 nm (see solid line in
Fig. 4), which is roughly in agreement with the half end-to-
FIG. 4. xdyn as a function of q for samples indicated in the graph. Black
line: quasielastic contribution for diffusion in a sphere of 6.4 nm diameter
according to Volino and Dianoux.42
FIG. 5. xdyn as a function of the number of arms at 0.044 1/Å for different
polymers and polymer arm to droplet ratio r (black circles: C18PDMAx, r
= 4; red squares: C18PDMAx, r = 2; green diamonds: C12PDMAx, r = 4);
it can be seen that the 2-arm polymers are more efficient in arresting the
diffusion of the ME. The C18-polymers are only slightly more efficient than
the C12-polymers. For C18, r = 2 only the 2-arm polymer was measured.
end distance of 2 arms of the polymers (see Table S I of the
supplementary material39), i.e., assuming a movement con-
fined by the holding potential of the polymers with their stick-
ers in the droplets. At lower q the discrepancies between the
actual soft potential and the hard wall used in the theory be-
come obvious as the theoretical curve starts to deviate from
the experimental values.
The obtained trends for xdyn with the number of arms, the
sticker length, and the polymer concentration are summarized
in Fig. 5. An increase of the polymer concentration signif-
icantly decreases xdyn. Around 0.05 1/Å the constant back-
ground is roughly doubled when increasing the polymer con-
centration by a factor of 2.
Comparing the values of xdyn for samples with different
sticker length it can be seen that the sticker length has only a
small influence on the dynamics of the ME droplets, which is
in contrast to results from DLS16 where the amplitude of the
slow modes greatly depends on the sticker length.
A very surprising result is the fact that the 2-arm polymer
is more efficient in arresting the ME droplets which at first
glance appears to be in disagreement with DLS, where both
the slow mode relaxation times are longer with more arms
and their amplitudes are higher, and with rheology where the
viscosity is found to be higher for polymers with more arms.
B. Simulations
An attempt to explain at first glance contradictory results
of DLS (higher amplitude of slow mode for more arms) and
NSE (higher amplitude of slow mode with less arms) was
done with the following simple approach: With more arms
the clusters that are formed are actually larger due to their
higher connectivity but in total, less droplets are involved in
their formation, as there is a higher probability for the individ-
ual arms not to connect to a droplet or to connect to the same
droplet as another arm of the same polymer as the number of
arms is increased due to steric constraints. At low q (DLS) the
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amplitude is related to the cluster size (number of droplets per
cluster), whereas at high q (NSE) the individual droplets are
seen and hence the amplitude of the slow mode in NSE is re-
lated to the total number of droplets involved in any of the
clusters.
This general behavior was simulated as follows: To a sys-
tem of d “droplets” to which an arbitrary amount of links can
be established, d × r/n “polymers” with n arms are added
consecutively until a certain polymer arm to droplet ratio is
reached.
Each polymer links to n random droplets, where multiple
arms of one polymer can link to the same droplet.
Based on the randomly determined droplets, either a new
cluster is formed, new droplets are added to an existing cluster
or existing clusters are united to form a new cluster. In the end
the average cluster size and the number of droplets involved
in clusters are calculated.
To account for the increased difficulty of the 2nd,
3rd, . . . , nth arm to find a droplet, a probability psame(ni) for
the nith arm to connect to the same droplet as the first arm
was included, which in the framework of the model has the
same effect as a dangling end. psame(ni) increases linearly as
psame(ni) = (ni − 1)a (with a maximum value of 1), which
means that the first arm always finds a droplet and it becomes
increasingly unlikely for the following arms and a determines
how fast the difficulty to find another droplet increases with
the arm number. By doing so, the number of polymer arms
introduced into the system is reduced from Narms = d × r
to an effective number of arms Narms,eff = d × r × (1
− psame,av(n, a)), where psame,av = n−1
∑n
ni=1(ni − 1)a is
the average value of psame for a given type of polymer. At
the same time the effective number of arms per polymer is
changed from n to neff =
∑n
ni=1 1 − psame(ni). To give an
example, with d = 1000, r = 4, and a = 0.1, the resulting
Narms, eff for a 2 arm polymer is 3800 and only 3400 for a
4 arm polymer, in other words the overall number of droplets
involved in aggregates is lower for the 4 arm polymer. How-
ever, neff for the 4 arm polymer is still higher (3.4 as op-
posed to 1.9 for the 2 arm polymer) and therefore the num-
ber of droplets per cluster is still higher. For comparison be-
tween different numbers of arms p′same,av = (n − 1)−1
∑n
ni=2(ni − 1)a is used, which is the average probability for dan-
gling ends or connections to the same droplets in all but the
first arm. The model completely ignores geometry or the level
of connectivity between the droplets and the steric constraints
only comes into play via psame.
For every value of n and a 25 simulations with r = 4
and d = 500 000 were performed and the results were aver-
aged. The error bars are the standard deviations. Fig. S5 of
the supplementary material39 shows the average cluster size
for different values of a, while Fig. S6 of the supplementary
material39 shows the overall number of droplets involved in
clusters. Figs. 6 and 7 show the average cluster size and num-
ber of droplets in clusters as a function of p′same.
The simulations show that indeed over a considerable
range of different values of a for a given value the average
cluster size is bigger for a higher number of arms, whereas
the overall number of droplets involved in the aggregates is
lower for higher n. Furthermore the simulations also show
FIG. 6. Average cluster size for 2-, 3-, and 4-arm polymer for r = 4 as a
function of p′same,av . The clusters are larger with a higher number of arms.
that the behavior of the 3-arm polymer is closer to that of the
4-arm than the 2-arm polymer, which is in agreement with
the experimental observations (Fig. 5). Thus, the simulations
support our hypothesis that the difference in the amplitude of
the slow mode observed in DLS and NSE is indeed due to
the fact that NSE monitors individual droplets while DLS ob-
serves the clusters.
C. Discussion
We report the first neutron spin-echo measurements
on microemulsions bridged with telechelic, hydrophobically
end-caped polymers with different numbers of arms. NSE re-
veals important details on the length scale of the droplets,
which are not to be observed with other methods.
It is found that the bridging has hardly any influence
on the fluctuations of the amphiphilic monolayer of the ME
droplets, i.e., their bending rigidity remains unaffected. This
finding complements earlier SANS measurements, which
showed that the structure of the MEs remains unchanged un-
der these conditions.16
FIG. 7. Overall number of droplets in clusters for 2-, 3-, and 4-arm polymers
for r = 4 as a function of p′same,av . The number of droplets in clusters drops
faster with a higher number of arms.
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FIG. 8. Scheme of ME droplets linked with 2- (left), 3- (center), and 4-arm polymers (right). With a lower number of arms there are less free ME droplets and
hence the number of droplets in clusters is lower (see Fig. 7) but the average cluster size is decreased i.e., an individual cluster consists of a lower number of
ME droplets (see Fig. 6).
More surprising are the findings that the linear (2-arm)
polymer is more efficiently arresting the dynamics of the ME
droplets than 3- and 4-arm polymers, despite the fact that
the macroscopic viscosity is much higher for polymers with
more arms (at a given concentration of end groups). In ad-
dition, the length of the hydrophobic end-cap has only very
little influence on the ME dynamics despite a strong increase
in viscosity and structural relaxation time observed in rheol-
ogy. The difference can be explained when considering the
length scales which the different methods observe. Unlike
DLS where mostly large clusters of many ME droplets are
observed, and unlike rheology, where macroscopic properties
are measured, NSE observes the dynamics of individual ME
droplets. In that context it might also be noted that the resi-
dence time of a sticker in a hydrophobic domain is already for
a C12 chain typically in the range of 10 μs43 and therefore for
all systems investigated here we can assume that on the NSE
time-scale the stickers remain contained in the microemulsion
droplets and their dynamics can be neglected.
On the level of individual droplets, the 2-arm polymer
is more efficient in arresting the diffusion of the droplets
as there are less conformational constraints imposed on the
chain, which would keep it from finding a droplet, as con-
firmed by a simple simulation. The fact that the viscosity of 3
and 4-arm polymers containing systems is nonetheless much
higher, is due to the individual junction on average linking
more droplets in that case; thereby the probability for break-
ing the network is reduced, explaining the increased elastic
properties. Fig. 8 illustrates this finding. This hypothesis is
supported by a simplistic simulation (see also the supplemen-
tary material39 for further details), which shows that the aver-
age cluster size grows with the number of arms, even though
the overall number of ME droplets involved in the clusters is
reduced, as there is a higher probability for the arms not to
find a different droplet than for the other arms of the same
polymer (or no droplet at all). This qualitatively explains our
results. The experiments and simulation show that the ampli-
tude of the dynamics of the individual droplets (monitored
by NSE) has an opposite dependence on the number of arms
as that of their clusters (monitored by DLS). Therefore the
NSE experiments allow to shed additional light on the dynam-
ics of such complex colloidal systems. They allow to under-
stand their dynamics, starting from that of the small individ-
ual microemulsion droplets to the large clusters comprising
thousands of them. However, such fundamental and detailed
knowledge of the dynamics is of general relevance in order
to control and optimize the properties of such systems, for
instance, for purposes of controlled release and delivery of
active ingredients such as drugs.
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